Monatomic layers of Au on Si͑111͒ exhibit a glass-crystal phase transition between the ordered crystalline 6 ϫ 6 reconstruction and the disordered glassy ␤-ͱ 3 ϫ ͱ 3 reconstruction on thermal annealing. Micro-fourpoint-probe electrical conductivity measurements clearly revealed that both monatomic layers had conductivities as large as the minimum metallic conductivity at the low-temperature region ͑ϳ10-100 K͒, and were well described by transport theory regarding Anderson localization. The sheet conductivity of the 6 ϫ 6 was higher than that of the ␤-ͱ 3 ϫ ͱ 3, which was attributed to different degrees of carrier localization.
I. INTRODUCTION
Self-organized systems such as quantum dots, carbon nanotubes, and surface superstructures are key components in the fields of nanoscience and nanotechnology. Electrical transport in these atomic-scale low-dimensional systems is affected much more by atomic disorder and defects than in three-dimensional bulk materials. A large number of studies on electronic transport in disordered thin films have been performed, and theories regarding Anderson localization [1] [2] [3] and hopping conduction 4,5 are well established.
Despite intensive investigations on surface superstructures with a diversity of surface science techniques, local electrical conductivity measurements on surfaces have only become feasible in the last ten years. The development of advanced experimental techniques such as the micro-fourpoint-probe ͑4PP͒ method now make direct measurements of the conductivity of surface superstructures possible. [6] [7] [8] The studies reveal intriguing transport phenomena in monatomic-layer films on crystal surfaces: [9] [10] [11] [12] [13] [14] for example, atomic-scale defects such as atomic steps 11 and adatoms 10 significantly affect the surface conductivity.
We report here a transport study on a Au monatomic layer deposited on a Si͑111͒ surface for two different surface reconstructions. By controlled thermal annealing it is possible to modify the disorder in the atomic arrangement of the surface atoms. The disorder in the surface superstructure was found to reduce the magnitude of the conductivity due to carrier localization. In addition, the monatomic layers exhibited conductivities as large as the minimum metallic conductivity at the low-temperature region.
II. EXPERIMENT AND ANALYSIS
The conductivity was measured with 4PP chips with a probe spacing of 20 m, 6 at temperatures ͑T͒ ranging from room temperature ͑RT͒ to 10 K, in an ultrahigh-vacuum ͑UHV͒ chamber equipped with a reflection-high-energy electron-diffraction ͑RHEED͒ system. 6-8 The voltage drop V was measured between the inner pair of probes while the current I ͑Ϯ1-Ϯ 10 A depending on T͒ was supplied via the outer probes on the 4PP chip. The slope of the linear I-V curves give the four-point-probe ͑4PP͒ resistance R, which was converted to the sheet conductivity using =ln 2/ ͑R͒. 13 The sample temperature was measured by two pairs of gold-iron/chromel thermocouples attached close to the sample. The measurements were performed with decreasing temperature, keeping contact between the probes and sample. To avoid the possible modification of the contact condition due to thermal drift, the probes were retracted and reapproached about every ten measurement points. The scanning tunneling microscope ͑STM͒ images were recorded with a commercial STM ͑UNISOKU Type USM 501͒ in a separate UHV chamber using the same sample preparation procedures. The Si͑111͒ substrate was n-type ͑P-doped͒ with 1-10 ⍀ cm resistivity at RT. The clean Si͑111͒-7 ϫ 7 reconstructed surface was first prepared by direct current heating and Au was deposited on it at 700°C. The deposition rate was calibrated using the phase diagram of the Au/Si͑111͒ system. [15] [16] [17] After deposition, the sample was annealed at 650°C for 5 min and then cooled to RT. The cooling rate and the Au coverage are important parameters that strongly affect the final surface superstructures. The 6 ϫ 6 phase ͓Figs. 1͑a͒ and 1͑b͔͒ was prepared by depositing one monolayer ͑ML͒ or slightly larger than 1 ML, and slowly cooled by reducing the sample heating current down to zero over 30 min. The ␤-ͱ 3 ϫ ͱ 3 phase ͑␤-ͱ 3 phase hereafter͒ ͓Figs. 1͑c͒ and 1͑d͔͒ was prepared at the same Au coverage but quenched by switching off the heating current. The 6 ϫ 6 and ␤-ͱ 3 phases could be reversibly remade from each other by annealing at 650°C for 5 min and subsequently cooling with the appropriate rate. This is a two-dimensional ͑2D͒ glasscrystalline transition between the ␤-ͱ 3 phase ͑disordered glassy phase͒ and the 6 ϫ 6 phase ͑ordered crystalline phase͒. 15, 17 For Au coverages Ͻ0.92 ML the ␤-ͱ 3 phase was always formed irrespective of the cooling rate. For comparison, a "1 ϫ 1" surface was fabricated without postannealing by depositing the same amount of Au on a clean 7 ϫ 7 substrate at RT. This surface exhibited a diffuse "1 ϫ 1" RHEED pattern and did not yield an atomically resolved STM image ͓Fig. 1͑e͔͒.
We estimated conductivities of the surface-space-charge layer of ␤-ͱ 3 and 6 ϫ 6 phases by solving the Poisson equation with parameters derived from their reported bulk band bending, [18] [19] [20] and found that it was negligibly small compared with the measured conductivity. Furthermore, the band bending indicates that a pn junction is formed between the surface-space-charge layer ͑p type͒ and the underlying bulk ͑n type͒, which prevents the measuring current from penetrating into the bulk. Therefore, the experimental measured conductivity is dominated by the surface states. 13 Previous photoemission spectroscopy ͑PES͒ studies show that the surface band structures of both the ␤-ͱ 3 and 6 ϫ 6 phases are semiconducting, and the bands of the ␤-ͱ 3 phase are simply those of the 6 ϫ 6 phase with additional broadening. 18 The 6 ϫ 6 phase exhibits a very sharp 6 ϫ 6 RHEED pattern ͓Fig. 1͑b͔͒ but the STM image ͓Fig. 1͑a͔͒ shows random arrangements of windmill-like protrusions that correspond to adatoms sitting on some of the 6 ϫ 6 unit cells. 21 First-principles calculations show that the energy difference of the 6 ϫ 6 surfaces with various configurations and numbers of the adatoms is very small, 22 implying that the 6 ϫ 6 phase has the intrinsic defects. The ␤-ͱ 3 phase ͓Fig.
1͑d͔͒ exhibits sharp superlattice spots in RHEED, whereas the direct STM image ͓Fig. 1͑c͔͒ reveals an extremely disordered structure like a glass; however, the Fouriertransformed STM image has sharp ͱ 3 ϫ ͱ 3 spots like the RHEED pattern in Fig. 1͑d͒ . Figure 1͑f͒ shows the sheet conductivity ͑͒ over a wide temperature range for the 6 ϫ 6 phase, ␤-ͱ 3 phase ͑made from the 6 ϫ 6 phase by thermal quenching͒, and the "1 ϫ 1" surface, all of which have the same Au coverage of nominally 1.0 ML. The conductivities of all three surfaces decrease on cooling below 250 K but with very significant differences. The conductivity of the "1 ϫ 1" almost vanishes below 150 K and the other two surface superstructures exhibit much higher conductivities which are as large as the minimum metallic conductivity ͑2e 2 / h = 77.5 S͒ given by Mott-Ioffe-Regel criterion. The minimum metallic conductivity is a rough criterion dividing weak localization regime ͑ ӷ 2e 2 / h͒ and the strong one ͑ Ӷ 2e 2 / h͒. Under the assumption that localization occurs in these phases, the 6 ϫ 6 and the ␤-ͱ 3 phases are in the intermediate localization regime between the strong and weak ones in 10-150 K.
III. RESULTS AND DISCUSSION
The 6 ϫ 6 phase always has a higher conductivity than the ␤-ͱ 3 phase. As shown in Fig. 1͑g͒ , when the 6 ϫ 6 phase was remade from the ␤-ͱ 3 phase by annealing and slow cooling, the conductivity returned to higher values ͑filled green squares͒. Thus, the difference in conductivity between the 6 ϫ 6 and ␤-ͱ 3 phases is clearly attributable to the crystalline-glass transition of the monolayer 13 and not due to contamination on the surface. Figures 1͑h͒ and 1͑i͒ show the log-scale sheet conductivity as a function of inverse temperature for the same data in Fig. 1͑f͒ . Different slopes in the high-temperature ͑dashed lines͒ and low-temperature ͑solid lines͒ regimes are recog- The unit cell of each superstructure is indicated in each image ͓7 ϫ 7 unit cell in ͑e͔͒. ͑b͒ and ͑d͒ are RHEED patterns from the 6 ϫ 6 and ␤-ͱ 3 phases at 10 K. ͑f͒ The measured sheet conductivities ͑͒ as a function of temperature ranging from RT to 10 K for the 6 ϫ 6 phase ͑open blue circles͒, ␤-ͱ 3 phase ͑open red triangles͒, and "1 ϫ 1" surface ͑gray crosses͒. Solid lines on the 6 ϫ 6 and ␤-ͱ 3 phases are fitting results by Eq. ͑2͒ for the low-temperature region. The solid line on the "1 ϫ 1" surface is the fitting result by Eq. ͑1͒ for the low-temperature region. Dashed lines on the 6 ϫ 6 and ␤-ͱ 3 phases are fitting results by summing Eq. ͑1͒ at the high-temperature region and Eq. ͑2͒ at the low-temperature region. The dashed line on the "1 ϫ 1" surface is the fitting result by Eq. ͑1͒ using different parameters at low-temperature and high-temperature regions. ͑g͒ The measured sheet conductivities ͑͒ as a function of temperature ranging from 250 to 130 K for the 6 ϫ 6 ͑open blue squares͒, ␤-ͱ 3 ͑open red squares͒, and the remade 6 ϫ 6 phases ͑filled green squares͒. ͑h͒ Sheet conductivity of data in ͑f͒ on a logarithmic scale as a function of inverse temperature. Solid lines are fitting results by Eq. ͑1͒. Dashed lines are eye-guide lines. ͑i͒ A magnified graph for the "1 ϫ 1" surface. The solid and dashed lines are fitting results by Eq. ͑1͒ for low-temperature and high-temperature regions, respectively. ͑j͒ Sheet conductivity of data in ͑f͒ plotted as a function of T ͑on logarithmic scale͒. Solid lines are fitting results by Eq. ͑2͒.
nizable, indicating a combination of two conduction mechanisms. The black solid lines are fitting results by temperature dependence of hopping conduction between strongly localized states,
where the prefactor 0 and activation energy ⌬E are fitting parameters, and k B is the Boltzmann constant. The obtained values of ⌬E are 0.45 meV for the 6 ϫ 6 phase and 1.1 meV for the ␤-ͱ 3 phase. These values are much smaller than the reported band gap ϳ50 meV taken by PES. 18 Therefore, this temperature dependence is not due to semiconducting band conduction.
As shown by dashed lines in Figs. 1͑f͒, 1͑h͒ , and 1͑i͒, conductivities in the high-temperature region can be fitted by Eq. ͑1͒, giving an activation energy ⌬E ϳ 30 meV for the 6 ϫ 6 phase, 70 meV for the ␤-ͱ 3 phase, and ϳ180 meV for the "1 ϫ 1" surface. Although these values roughly correspond to the band gap observed by PES, the nature of temperature dependences at the high-temperature region is not fully understood. We here focus on the low-temperature region only.
The description of our data in the low-temperature region by strong localization, however, is not unique. The conductivity data of the 6 ϫ 6 and ␤-ͱ 3 phases in this temperature range can be fitted equally well by weak localization theory, as below. Figure 1͑j͒ shows the T ͑plotted on logarithmic scale͒ dependence of . As shown by the fits to the data in this figure, the conductivities of the 6 ϫ 6 and ␤-ͱ 3 phases can be described also by weak localization theory [1] [2] [3] = cL 00 ln T + const, ͑2͒
where c and const are fitting parameters, L 00 = 12.3 ͑S͒ ͑quantum conductance divided by 2͒. The value of c ͑Ϸ1-2͒ is related to the temperature dependence of the phase relaxation time of carriers. The evaluated c values are reasonable: c = 1.2 for the 6 ϫ 6 phase and c = 0.84 for the ␤-ͱ 3 phase. These fitting results are also plotted in Fig. 1͑f͒ by solid curves. This picture does not work for the "1 ϫ 1" surface at all because c = 0.26, far below unity. The character of localization in the 6 ϫ 6 and ␤-ͱ 3 phases now turned out to be an intermediate between strong and weak localizations because both Eqs. ͑1͒ and ͑2͒ reasonably work with suitable parameters in the limited range of temperature. It does not mean that two phases are strongly localized and simultaneously weakly localized. Simply, Eqs. ͑1͒ and ͑2͒ show almost the same temperature dependence with the chosen parameters in the limited range of temperature. These analyses indicate that there are localized electronic states at Fermi level ͑E F ͒ in both the 6 ϫ 6 and ␤-ͱ 3 phases. 1-3 According to the PES results, both the 6 ϫ 6 and ␤-ͱ 3 phases have almost flatbands around 50 meV below E F . 18 However, the structural disorder may modify the surface states and creates some additional localized states at E F . Figure 2 shows the T ͑plotted on a logarithmic scale͒ dependence of sheet conductivity for samples with slightly different Au coverages. All of them are well fitted by Eq. ͑2͒ with suitable c values as shown by solid lines in Fig. 2 and as listed in Table I . A small increase in the Au coverage leads to a significant increase in the conductivity of samples prepared by slow cooling as shown in Fig. 2͑a͒ . The conductivity of the 6 ϫ 6 phase at 1.2 ML coverage is almost the same as that at 1.1 ML coverage, implying completion of the 6 ϫ 6 reconstruction at 1.1 ML. The surface with 0.92 ML Au coverage always had a ␤-ͱ 3 structure even for samples prepared by In Fig. 3 , the same data as in Fig. 2 are plotted on a logarithmic scale as a function of inverse temperature. Solid lines are fitting results by Eq. ͑1͒ below 25 K, giving the fitting parameters summarized in Table I and inset of Fig. 3 . As indicated in Table I , ⌬E decreases and 0 increases with increase in Au coverage for the slowly cooled surfaces, which correspond to the formation of 6 ϫ 6 reconstruction. Thus, the degree of disorder in the structure changes the degree of carrier localization. In a weakly disordered system such as the 6 ϫ 6 phase, the electronic states are less localized. Then the tunneling probability between the two localized sites is larger, resulting in larger 0 . In addition, energy differences between the two states tend to be small with better order in the structure, resulting in a smaller activation energy ⌬E. In contrast, ⌬E and 0 do not change so much for the quenched surfaces because the surface structure ͑␤-ͱ 3͒ already has strong disorder.
The hopping process described by Eq. ͑1͒ is the nearestneighbor hopping. At sufficiently low temperature, however, the conductivity decreases and may exhibit a temperature dependence of variable-range hopping type. Such a transition from the nearest-neighbor hopping to variable-range hopping conductions was not clearly observed in the present study although some sign for it was observed. It would be interesting to study how the difference of disorder in surface structures affects the nature of hopping conduction in monolayers.
IV. SUMMARY
We have succeeded in detecting a clear difference in the surface electrical conduction between the ordered crystalline 6 ϫ 6 reconstruction and disordered glassy ␤-ͱ 3 reconstruction at the same Au coverage, depending on the degree of structural disorder in the monatomic layer. Compared with the 6 ϫ 6 phase, the wave functions on the ␤-ͱ 3 phase are more strongly localized, causing a larger activation energy and smaller probability of the hopping process, resulting in a lower conductivity. It is also important to mention that the monatomic layers were found to exhibit conductivities as large as the minimum metallic conductivity at the lowtemperature region, which meant that metallic ͑localized͒ states existed at E F , in contradiction with PES results. 
